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j.2011.10Abstract The effect of ﬁre on punching strength of ﬂat slabs is experimentally investigated. An
experimental program, consisting of fourteen one-third scale specimens pre-exposed to ﬁre on their
tension side and tested under concentric punching, is carried out. The main investigated parameters
are the duration of exposure to ﬁre, the concrete cover and the cooling method. Specimens are sub-
jected to direct ﬂame for 1.0, 2.0 and 3.0 h, respectively. Concrete covers of 25 mm and 10 mm are
used for test specimens. Two cooling methods are employed; gradual cooling in air and sudden
cooling with water applied directly to the heated surface of the slabs. It was found that exposure
of slabs to ﬁre resulted in a reduction of up to 18.3% and 43% in cracking loads and ultimate
punching loads, respectively. Concrete cover was proven to have a signiﬁcant effect on level of tem-
perature in tension reinforcement. A reduction in punching strength of up to 14% was observed for
specimens with 3 h exposure to ﬁre compared to those with one hour exposure. Sudden cooling was
found to reduce punching strength by 25% compared to specimens gradually cooled. A simpliﬁed
mechanical model for calculating ﬁre effect on punching capacity is proposed and found to be in
good agreement with the experimental results.
ª 2012 Housing and Building National Research Center. Production and hosting by Elsevier B.V.
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Punching shear strength in reinforced concrete slabs subjected
to concentrated loads has received a lot of emphasis due to itsk.com (H. Salem).
using and Building National
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g National Research Center. Produ
.001importance in ﬂat slab ﬂoor systems [1,2]. Due to its brittle
nature, shear failure at slab-column connection may have
disastrous consequences. It may result in progressive failures
of adjacent connections of the same ﬂoor as the load is trans-
ferred to the surrounding columns causing the adjacent con-
nections to be heavily loaded. Also, the lower ﬂoors may fail
progressively as they become unable to support the impact
of slabs dropping from above. A sample for such progressive
collapse is shown in Fig. 1 for the Tropicana Casino parking
garage in Atlantic City, N.J., October 2003 [3].
Punching failure may take place due to unconservative de-
sign of slab-column connections, slab overloading, and deteri-
oration of strength of concrete and reinforcement. Beingction and hosting by Elsevier B.V. All rights reserved.
Fig. 1 Progressive collapse of Tropicana Casino parking garage
due to punching of ﬂat slab [3].
Fig. 2 Concrete stress–strain relationship at high temperature
[9].
Punching shear strength of reinforced concrete ﬂat slabs subjected to ﬁre on their tension sides 37exposed to ﬁres represents one of the most sever causes of
strength deterioration of reinforced concrete [4–7]. At high
temperatures, both concrete and steel undergo considerable
reduction in their strength, physical properties and stiffness.
Some of these changes are not recoverable after subsequent
cooling. It is therefore expected that punching capacities of ﬂat
slabs subjected to ﬁre are signiﬁcantly affected. The authors
believe that the effect would be the highest when ﬁre affects
the tension side of the slab rather than the compression one,
due to the formation of cracks and possible reduction of
strength of main reinforcement. Up to the authors’ knowledge,
no experimental works have been carried out to study the ef-
fect of ﬁre acting on the tension side of ﬂat slabs. In this study,
an experimental program consisting of fourteen concentric
slab-column specimens was carried out where specimens were
tested under concentric punching loads. Twelve specimens
have been subjected to ﬁre while two have not and are consid-
ered as control specimens. Study parameters were concrete
cover, ﬁre duration and cooling method.
Research objectives
The objective of the current research is to experimentally inves-
tigate the effect of elevated temperatures on punching strength
of ﬂat slabs. Main parameters of investigation are concrete
cover, ﬁre duration and cooling method.
Effect of high temperature on reinforced concrete
Effect of high temperature on concrete
There are a number of physical and chemical changes which
occur in concrete subjected to heat [4–7]. Most of these
changes are irreversible upon cooling and may signiﬁcantly
weaken the concrete structure after a ﬁre. Concrete is a com-
posite material consisting of aggregates and matrix as its basic
components. The effect of heating on both of these compo-
nents individually as well as their interactions affects the
behavior of concrete at high temperature [4–7]. With the rise
in temperature, the aggregates experience volume changes.
For example quartz-based aggregates increase in volume, dueto a mineral transformation, whilst limestone aggregates will
decompose. The expansion of the matrix, on the other hand,
is completely negated by shrinkage due the evaporation of
water. The resultant differential expansion causes internal
cracking and reduces concrete strength and stiffness.
Concrete contains a certain amount of liquid water in its
pores. This begins to vaporize if the temperature exceeds
100 C, usually causing a build-up of pressure within the con-
crete. In practice, the boiling temperature range tends to extend
from 100 to about 140 C due to the pressure effects. Beyond
the moisture plateau, when the temperature reaches about
400 C, the calcium hydroxide in the cement will begin to dehy-
drate, generating more water vapor and also bringing about a
signiﬁcant reduction in the physical strength of the material.
Thermal gradient between inner and outer layers of con-
crete is also a cause of internal cracks in concrete especially
for rapid heating. Kristensen and Hansen [8] showed
theoretically and demonstrated experimentally that rapid heat-
ing of specimens of cement paste and concrete causes internal
cracks due to stresses that develop when temperature differ-
ences between core and surface of specimens exceed 30 C
for cement paste and 50 C for concrete.
After a ﬁre, changes in the structural properties of concrete
do not reverse themselves. This is due to the irreversible trans-
formations in the physical and chemical properties of the ce-
ment itself. The behavior of concrete subjected to ﬁre is well
characterized by the compression model given by Euro code,
EC2 [9] as shown in Fig. 2.
Effect of high temperature on steel
Similar to concrete, steel loses its strength with high tempera-
tures [9]. Fig. 3 shows the stress–strain relations of reinforcing
bars under different ﬁre temperatures as given by Euro Code
[9], where identical material behavior is assumed for both ten-
sion and compression. If reinforcing bars are heated up to
600 C, they virtually recover their full normal temperature
strength when cooled to room temperature again [10]. If, how-
Table 1 Test specimens.
Specimen Fire duration (h) Concrete cover (mm) Cooling method
S1 1 25 Gradual
S2 2 25 Gradual
S3 3 25 Gradual
S4 1 25 Sudden
S5 2 25 Sudden
S6 3 25 Sudden
S7 1 10 Gradual
S8 2 10 Gradual
S9 3 10 Gradual
S10 1 10 Sudden
S11 2 10 Sudden
S12 3 10 Sudden
S13 – 25 –
S14 – 10 –
Fig. 3 Steel-strain relationship at high temperature [9].
38 H. Salem et al.ever, steel is heated to 800 C, then on cooling to room temper-
ature full strength will not be regained.
Effect of high temperature on bond strength between reinforcing
bars and concrete
Morely and Royles [11] investigated the effect of high temper-
atures on bond strength between reinforcing bars and concrete.
They concluded that, reduction in bond strength with temper-
ature is much greater than the corresponding reduction in
compressive strength.1100 mm
1100
110
Compression Reinforcement Tension R
7Φ10 both directions 11Φ10 bot
Fig. 4 Details ofExperimental program
The experimental program was carried out at the Concrete
Laboratory, Housing and Building Research Institute, Giza
[12]. The experimental program consists of fourteen one-third
scale specimens constituting three groups, as shown in Table 1.
The ﬁrst and second groups represent specimens subjected to
ﬁre with concrete cover of 25 and 10 mm, respectively, while
the third group represents the reference specimens, which are
not subjected to ﬁre. The main investigated variables are;
 Duration of exposure to ﬁre: The slabs were subjected to
direct ﬂame for 1.0, 2.0 and 3.0 h, respectively.
 Concrete cover: Two concrete coves, 25 and 10 mm, were
adopted.
 Cooling method: Two cooling methods were employed;
gradual cooling in air and cooling with water applied
directly to the heated surface of the slabs.Test specimens
Fig. 4 shows the dimensions and reinforcement details of test
specimens. Each specimen consists of 1100x1100x100 mm slab
with a central column stub of 150 · 150 mm cross section and
400 mm length. For all slabs, tension reinforcement is
11 · 10 mm while compression reinforcement is 7 · 10 mm,
while for columns, the longitudinal reinforcement is 4 · 10
and the stirrups are 4 · 8 mm.0 mm
100 mm
150 mm
4φ8
einforcement
h directions 
400 mm 4Φ10
11Φ10 7Φ10
test specimens.
Table 2 Proportions of concrete mix.
Item Weight (kg/m3)
Portland cement 336
Natural sand 614
Crushed dolomite 1152
Water 182
Fig. 6 Heating oven.
Fig. 7 Thermocouples connected to steel reinforcement.
LVDTs
Data 
acquisition 
system
Roller
Load Cell
Fig. 8 Loading setup and measurements.
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Deformed bars of 10 mm diameter were used for the main rein-
forcement while plain bars of 8 mm diameters were used for
the stirrups of the column stub. Minimum yield stress of 410
and 270 MPa with elongation of 14% and 26% were recorded
for deformed and plain bars, respectively. The mix used for the
concrete was developed through trial batching and were de-
signed to develop compressive strength of 25 MPa at the age
of 28 days. The proportions of the used mix are given in Ta-
ble 2. The concrete mix consisted of ordinary Portland cement,
natural sand, crushed dolomite with 13 mm maximum size,
and potable water. The average recorded compressive strength
for standard cubes of concrete was 27 MPa.
Preparation of specimens
In the beginning, sand and crushed dolomite were mechani-
cally mixed for one minute, followed by adding cement to
the mixture which was then mixed for two minutes in dry con-
dition resulting in a well dispersed and uniform cement coating
on aggregate surface area. Water was then added to the mix-
ture gradually till reaching homogenous concrete mixture.
After casting, concrete was mechanically compacted using
electrical vibrator to ensure full compaction of concrete inside
the form as shown in Fig. 5. After one day, the sides of the
formwork were removed and specimens were cured by water
for about a week and were then left in the atmosphere of lab-
oratory until tested.
Fire application to specimens
An oven of 1000 · 1000 · 1500 mm was used for heating the
specimens at their tension face as shown in Fig. 6. Thermocou-
ples were connected to the steel reinforcement to measure their
temperature during specimens’ exposure to ﬁre as shown in
Fig. 7. A computer-controlled data acquisition system was
used to collect the temperature measurements.Fig. 5 Casting process of concrete.
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Fig. 9 Recorded temperatures.
40 H. Salem et al.Test setup and instrumentation
Steel beams were used for ﬁxing the specimen and load applica-
tion as shown in Fig. 8. The specimens were loaded through the
column stub using a hydraulic jack with load and stroke capaci-
tiesof 700 kNand330 mm, respectively.The specimenswere sup-
ported at their edges by rollers to allow for rotation. Five vertical
LVDTsof 0.001 mmsensitivitywere usedbelow specimens at ﬁve
different locations to record specimen’s vertical deﬂections. A
computer-controlled data acquisition system was used to collect
the measurements data at ﬁxed intervals as shown in Fig. 8.
Experimental results and discussion
Fire duration and recorded temperatures
Fig. 9 shows the relations between the recorded temperature
on tension reinforcement and time of ﬁre exposure. Maximum
recorded temperatures of 260 and 420 C were recorded for ﬁre
exposure of 3 h for specimens with concrete cover of 10 and
25 mm, respectively.Fig. 10 Cracks formed due to ﬁre.Pre-loading ﬁre effect
After subjecting specimens to ﬁre, random hair cracks oc-
curred at the heated slab side as shown in Fig. 10. As the ﬁre
exposure time increased, the width of those cracks increased.
Slabs cooled with water showed larger crack width than those
gradually cooled.
Cracking pattern and failure mode
For all specimens, ﬂexural cracks started in slab tension side
around column stub and propagated diagonally to the edges
of slabs as shown in Figs. 11a–c. As the load increased, both
the number and the widths of the cracks increased, and ﬁnally
quasi-circular cracks developed at the tension side penetrating
towards the column, at the compression side of the slab, where
a simultaneous compression failure took place as shown in
Fig. 12. This represents the punching failure, after which, the
load dropped rapidly. Close to failure, specimens subjected
to ﬁre exhibited extensive cover spalling in the tension side
of slab within the quasi-circular failure crack.
Load–deﬂection relationships
Figs. 13 and 14 show the load-central deﬂection relationships
for the specimens with concrete cover of 25 and 10 mm, respec-
tively. As seen in ﬁgures, the ultimate load decreases with the
increase in duration of specimen exposure to ﬁre. On the other
hand, the peak deﬂection increases with the increase in ﬁre
duration. This is explained by the specimens’ damage induced
by ﬁre which decreases the stiffness of the slabs and hence in-
creases their deformability.
Effect of elevated temperatures
The effect of elevated temperatures on slabs was signiﬁcantly
observed as a deterioration in the specimens where
pre-cracks, reduction in ﬁrst cracking loads and reduction
in ultimate punching loads were recorded. Fig. 15 shows
Fig. 11a Cracking pattern of group (A).
Punching shear strength of reinforced concrete ﬂat slabs subjected to ﬁre on their tension sides 41the effect of temperature on ﬁrst cracking load in the form
of percentage reduction in cracking load compared to un-
ﬁred specimens, where a maximum reduction of 43% was
observed. Fig. 16 shows the effect of temperature on ulti-
mate punching load in the form of percentage reduction in
ultimate load compared to unﬁred specimens, where a
maximum reduction of 18.3% was observed. The level of
damage and loss of punching strength increases with the in-
crease in temperature, or in other words, with the exposure
time to the ﬁre.Effect of concrete cover
Concrete cover was found to have a signiﬁcant effect on level
of temperature in tension reinforcement. The smaller the con-
crete cover is, the higher the increase in temperature of the
reinforcing bars. An increase in temperature of 84%, 73%and 61% was recorded for specimens with 10 mm cover over
those with 25 mm cover for ﬁre duration of 1, 2 and 3 h,
respectively.
Effect of ﬁre duration
Higher duration of specimens’ exposure to ﬁre led to a consid-
erable increase in temperature of specimens and deterioration
of concrete. A punching strength reduction of up to 14%
was observed for 3 h exposure compared to one hour exposure
as shown in Figs. 13 and 14.
Effect of cooling method
As seen in Fig. 13, specimens cooled both gradually and sud-
denly experienced almost the same reduction in cracking load
with a maximum reduction of 43%. On the other hand, in
Fig. 14, it is obvious that the suddenly cooled specimens
Fig. 11b Cracking pattern of group (B).
Fig. 11c Cracking pattern of group (C).
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Fig. 12 Concrete crushing at compression side of slab.
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Fig. 13 Load–deﬂection relationships for specimens with 25 mm
cover.
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Fig. 14 Load–deﬂection relationships for specimens with 10 mm
cover.
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Fig. 15 Temperature effect on ﬁrst cracking load.
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Fig. 16 Temperature effect on ultimate load.
Punching shear strength of reinforced concrete ﬂat slabs subjected to ﬁre on their tension sides 43showed a 25% higher reduction in punching capacities than
gradually cooled specimens. The decrease in punching strength
due to sudden cooling is explained by the sudden shrinkage of
concrete which cause new cracks resulting in considerable
strength reduction and spalling of concrete cover [7].
Proposed mechanical model for estimating punching strength of
slabs under ﬁre
In many punching tests, ultimate loads did not differ signiﬁ-
cantly from the ﬂexural capacities. Therefore, researchers
[13,14,15] have derived punching strength of slabs ﬂexural
capacity. Those models are based on the equilibrium of forces
on a polar-symmetrical slab supported on a circular column.
In punching tests it was observed that the slab portion outside
the failure shear crack rotated as a rigid body. Those models
satisfy the equations of equilibrium of forces acting on a seg-
mental part of the slab portion outside the shear crack. In
the current study, a mechanical model based on ﬂexural capac-
ity approach is used where squared-section column rather than
circular one is considered and the effect of ﬁre is included, as
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Fig. 17 Proposed model for estimating punching strength of slabs under ﬁre.
Fig. 18 An application sample for the proposed model.
44 H. Salem et al.well. In the proposed model, punching capacity is obtained
from equilibrium of external forces and internal stresses along
punching surface. The load carried by column is assumed
equally distributed along the four supporting edges of the slab,
each side carries one-fourth of the total load of the column as
follows:
Pu ¼ 4
Cu d ðd a2Þ
L
ð1Þ
where Cu is the ultimate compressive force in concrete in com-
pression zone; d is the effective depth of slab; a is the height ofthe equivalent stress block; and L is the cantilever length as
shown in Fig. 17.
Cu is obtained by trials where the neutral axis location is
assumed and both the compressive and tensile forces are calcu-
lated and their equality is checked. The stress reduction due to
heat effect given by EC2 [9] is taken into consideration for con-
crete. As the reinforcing bars were heated up to temperature
less than 600 C, they were assumed to recover their full nor-
mal temperature strength [10] and hence no strength reduction
was considered. The effect of sudden cooling was implemented
as additional decrease in concrete compressive strength. Trials
S13 S1 S2 S3 S4 S5 S6 S14 S7 S8 S9 S10 S11 S12
Experiment 188 179 175 165 170 160 158 197 187 178 167. 182 167. 161
Proposed Model 174 171 169 163 160 157 151 201 197 193 178 189 179 165
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Fig. 19 A comparison between the experimental results and the proposed model for predicting punching capacity.
Punching shear strength of reinforced concrete ﬂat slabs subjected to ﬁre on their tension sides 45had shown that 10% decrease in compressive strength of con-
crete ﬁts very well with the experimental results. However,
more investigation is needed to get more accurate value for
such reduction.
The concrete conﬁnement effect represented by a failure
surface of a biaxial state of stresses [2] is also taken into con-
sideration as shown in Fig. 17. The angle of inclination of
the punching surface, (h), is obtained from the experimental
results and ranged from 15 to 20 (h). Fig. 18 shows an appli-
cation for implementing the proposed model, while Fig. 19
shows a comparison between the experimental results and
the theoretical ones which shows a good agreement.
Conclusions
An experimental study is carried out to investigate the effect of
ﬁre on punching strength of ﬂat slabs heated at their tension
side. The main investigated parameters are the duration of
exposure to ﬁre, the concrete cover and the cooling method.
The following conclusions could be obtained;
 Exposure of slabs to ﬁre resulted in random hair cracks at
the heated face, led to a reduction of up to 18.3% and
43% in ﬁrst cracking load and ultimate punching load,
respectively. Exposure to ﬁre causes a reduction in concrete
stiffness and hence a noticeable increase in its deformability.
 Concrete cover has a signiﬁcant effect on level of tempera-
ture in tension reinforcement. An increase in temperature of
up to 84% was recorded for specimens with 10 mm cover
over those with 25 mm cover.
 Higher duration of ﬁre exposure led to a considerable
increase in temperature of specimens and deterioration of
concrete. A punching strength reduction of up to 14% was
observed for 3 h exposure compared to one hour exposure.
 Sudden cooling was found to reduce punching strength
by 25% more than specimens gradually cooled. This is
explained by the sudden shrinkage of concrete which causenew cracks resulting in considerable strength reduction
and spalling of concrete cover.
 Amodel for estimating punching strength of slabs under ﬁre
is proposed based on equilibrium of external forces and
internal stresses along punching surface. The model proved
to give acceptable ultimate strength prediction. The model
showed that 10% decrease in compressive strength of con-
crete suddenly cooled ﬁts very well with the experimental
results. However, more investigation is needed to get more
accurate value for such reduction.
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